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ABSTRACT 
Elec t ron  pa ramagne t i c  r e sonance  s t u d i e s  a t  27°K of a newly o b s e r v e d  c e n t e r  i n  e l ec t ron -  
i r r ad ia t ed  p- type s i l i c o n  h a v e  y i e lded  t h e  following information. T h e  p r inc ipa l  a x e s  a r e  < 221 >, 
< 1TO>,  a n d  < 1 1 4 >  with r e s p e c t i v e  g -va lues  of 2.0000, 2.0066, and  2.0056. T h i s  c e n t e r  is def-  
ini te ly  d i f f e r e n t  from t h e  J - cen te r  a n d  a recent ly  reported aluminum center .  Prel iminary measure-  
men t s  of introduct ion r a t e s  at va r ious  bombardment e n e r g i e s  a r e  0.25 cm-' at 6.6 MeV, 0.22 c m - l  
at 5.5 MeV, a n d  0.15 cm- '  at 3.0 MeV. So far,  t h i s  c e n t e r  is found only in s i l i c o n  which  c o n t a i n s  
oxygen in c o n c e n t r a t i o n s  2 10 18/cm3.  T h e s e  data ,  together  with o p t i c a l  a n d  e l e c t r i c a l  measure-  
men t s  o f  o t h e r s ,  l e a d  u s  to  s u g g e s t  t ha t  t h i s  new d e f e c t  be iden t i f i ed  with a l e v e l  abou t  0.3 e V  
above  t h e  v a l e n c e  band and  be  a s s o c i a t e d  with s u b s t i t u t i o n a l  oxygen  a n d  a next-nearest-neighbor  
s i l i c o n  in t e r s t i t i a l .  
9 
S t u d i e s  of the effects of impuri t ies  on  radiation c h a r a c t e r i s t i c s  i n  s i l i c o n  h a v e  begun. T h e s e  
i n c l u d e  diffusion l eng th  measu remen t s  u s i n g  surface-barr ier  d i o d e s  and  E P R  measuremen t s  of 
l i thium-doped s i l i c o n .  T e c h n i q u e s  h a v e  been  s u c c e s s f u l l y  app l i ed  to the  f ab r i ca t ion  of t he  d i o d e s  
and  t o  l i thium doping of t h e  s i l i con .  T h e  paramagnet ic  r e sonance  d u e  to l i thium h a s  been  o b s e r v e d  
at 27OK. It  c o n s i s t s  of one  narrow l i n e  with a g-value of 1.9997. 
Bombardment-induced c h a n g e s  in t h e  photovol ta ic  pa rame te r s  of Si p /n ,  Si n/p,  a n d  G a A s  
p/n s o l a r  cells were  measured  fdr p ro tons  with e n e r g i e s  i n  t h e  r ange  185 to 545 keV. In the  .GaAs 
cell, the  sho r t - c i r cu i t  current  changed  most  during i r radiat ion,  wh i l e  in both t y p e s  of Si cells t h e  
s h a p e  of t h e  I-V c h a r a c t e r i s t i c  a n d  the  open-circui t  vo l t age  were  more s e n s i t i v e  to radiat ion than 
the sho r t - c i r cu i t  current .  T h e  r a t e  of c h a n g e  of t h e s e  pa rame te r s  p e r  i nc iden t  p a r t i c l e  i n c r e a s e s  
with proton energy. In terms of long-term radiation s u s c e p t i b i l i t y ,  t he  cells c a n  be  l i s t e d  in  the  
V following order:  G a A s  chromium-treated cells, G a A s  s t a n d a r d  cells, Si n /p  a n d  f inal ly  Si p /n  
cells. T h e s e  r e s u l t s  can  b e  exp la ined  i n  terms of t he  t h i c k n e s s  of the damaged region, and  t h e  
junct ion depth.  T h e  r e s u l t s  of t h i s  exper iment  a l s o  h e l p  exp la in  Re lay  and  ANNA 1B experiments  
with unsh ie lded  s o l a r  cells where  the short-circui t  current  dropped rapidly with time. I t  is c l e a r  
t ha t  both G a A s  and  S i  cells w i l l  require minimum t h i c k n e s s  s h i e l d s  in  low-energy proton environ- 
men t s ,  1 
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I. INTRODUCTION 
T h i s  report is d iv ided  in to  th ree  par t s .  T h e  f i r s t  d e s c r i b e s  the  E P R  work which  h a s  been  
done  on a newly obse rved  paramagnet ic  c e n t e r  f i r s t  repor ted  in  the  F i n a l  Repor t  under  Con t rac t  
No. NAS 5-457. T h i s  i n c l u d e s  some preliminary measu remen t s  of the  d e f e c t  introduction r a t e  at 
d i f f e ren t  bombarding e n e r g i e s ,  the  cha rac t e r i s t i c  g -va lues  in the  pr inc ipa l  d i r ec t ions ,  and  a brief 
d i s c u s s i o n  of the  iden t i f i ca t ion  of the  center .  T h e  s e c o n d  p a r t  d e s c r i b e s  t h e  work which w a s  
recent ly  begun, aimed at s tudy ing  the  p o s s i b l e  effects of ce r t a in  impur i t ies  on the  rad ia t ion  
damage  p rope r t i e s  of s i l i con .  T h i s  work inc ludes  measu remen t s  of d i f fus ion  length ,  and  c h a n g e s  
in the  E P R  spec t rum of the  impurity and/or  the  rad ia t ion- induced  defec t .  T h e  third s e c t i o n  pre- 
s e n t s  a d e t a i l e d  report  of low-energy proton bombardment of s i l i c o n  and  gall ium a r s e n i d e  s o l a r  
cells. T h e  a n a l y s i s  of t h i s  work h a s  been  only recent ly  comple ted  and  the  r e s u l t s  may be  of 
cons ide rab le  s i g n i f i c a n c e  in  unders tanding  some of the  r e c e n t  satellite expe r imen t s  on s o l a r  
cells. 
. I  
II. MEASUREMENTS ON A NEWLY OBSERVED PARAMAGNETIC CENTER 
IN IRRADIATED p-TYPE SILICON 
T h e  na tu re  of lattice defects in semiconduc to r s ,  p roduced  by i r rad ia t ion ,  h a s  been  the  
s u b j e c t  of a cons ide rab le  amount of exper imenta l  s tudy  o v e r  t he  p a s t  few y e a r s .  Much tha t  h a s  
been  l ea rned  about t h e s e  d e f e c t s  h a s  been  ob ta ined  by measu remen t s  s u c h  as  re s i s t i v i ty ,  
minority-carrier l i fe t ime,  and  op t i ca l  absorp t ion .  However ,  s p e c i f i c  knowledge  conce rn ing  the  
ident i ty  of the  de fec t  i n  its immedia te  c r y s t a l  environment h a s  so fa r  been  ob ta ined  only  through 
e l ec t ron  s p i n  r e sonance  inves t iga t ions .  T h e  combina t ion  of e l ec t ron  s p i n  r e s o n a n c e  toge ther  wi th  
t h e  o the r  exper imenta l  methods  mentioned a b o v e  is by fa r  t h e  most  fruitful  approach  to under- 
s t a n d i n g  t h e  comple te  p h y s i c a l  c h a r a c t e r  of rad ia t ion  damage  c e n t e r s .  
In a previous  report ,* t he  c r y s t a l  symmetry p rope r t i e s  for a new c e n t e r  i n  p-type s i l i c o n ,  
in t roduced  by e lec t ron  i r rad ia t ion ,  were  d i s c u s s e d  in detail from the  data ob ta ined  by e l ec t ron  
s p i n  r e s o n a n c e  measurement.  A s  par t  of the  effort  to fur ther  c h a r a c t e r i z e  the  cen te r ,  a program 
h a s  been  set up to s tudy  the  sp in  concent ra t ion  of t h i s  c e n t e r  as a function of a )  t he  flux for a 
g iven  bombardment energy ,  b) the  loca t ion  of the  Fe rmi  l e v e l ,  and  c )  t he  s p e c i f i c  p-type dopan t  
impurity. In  addition, op t i ca l  absorp t ion  and  photoconduct iv i ty  measu remen t s  a r e  p l anned  to 
supp lemen t  t he  information ob ta ined  from e lec t ron  s p i n  r e s o n a n c e  and  s o l a r  cell measurements .  
A. EXPERIMENTAL SECTION 
1. Apparatus 
T h e  EPR spec t rometer*  is e s s e n t i a l l y  a 2 3 - G ~  supe rhe te rodyne  microwave bridge with a 
Var ian  V4500 EPR sys t em.  During the  p a s t  s i x  months ,  s e v e r a l  improvements  h a v e  been  made  
on t h i s  equipment. T h e  bridge h a s  been  comple te ly  rebui l t  with componen t s  of g rea t e r  p rec i s ion .  
A new,  sho r t e r  s ample  arm w a s  d e s i g n e d  which inco rpora t e s  s e v e r a l  important f ea tu re s  (see 
F ig .  l), the most important of which is a n  a d j u s t a b l e  coup l ing  from the  waveguide  to the  cav i ty .  
T h i s  e n a b l e s  u s  to ob ta in  maximum s e n s i t i v i t y  for d i f fe ren t  s a m p l e s  as  d i s c u s s e d  by F e h e r ’  
and  Gordon.’ It also s impl i f i e s  t h e  cont ro l  of the  c h o s e n  mode of opera t ion ,  i.e., e i t h e r  d i spe r -  
s i o n  or absorption, by changing  the  p h a s e  at the  r e fe rence  arm of the  microwave  bridge. Pro- 
v i s ion  h a s  also been  made  for apply ing  s t r e s s  to the  sample .  T h e  cav i ty  h a s  been  changed  and  
is now made from gold-plated Hyso l  p l a s t i c  to minimize n o i s e  d u e  to eddy cur ren t  in the  wal ls .  
T h e  cavi ty  a n d  the coupl ing  h a v e  been  e n c l o s e d  in  a th in-wal led  b r a s s  c a n  which p r e v e n t s  l e a k s  
in to  the  s y s t e m ,  t h u s  e l imina t ing  another  s o u r c e  of n o i s e  a n d  frequency dr i f t s .  Al l  the  cont ro l  
rods  a r e  brought ou t  a t  the top through V e e c o  vacuum “quick-chucks” .  
T h e  n e t  effect of t h e s e  modi f ica t ions  h a s  been  to i n c r e a s e  s ign i f i can t ly  both the  overa l l  
s t ab i l i t y  and  the s e n s i t i v i t y  of the  equipment  - the  l a t t e r  by a f ac to r  of at l e a s t  f ive .  
- * See Final Report, Contract No. NAS 5-457. 
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2. Irradiations 
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Fig. 1. Schematic representation of sample cavity and controls. 
Several electron irradiations were performed (and continue to be performed) at various 
energies and fluxes. A 700-keV irradiation and a 1-MeV irradiation were done at RCA’s 
Van de Graaff accelerator. A +MeV irradiation was made at Electronized Corp. Burlington, 
Mass., while 5.5-MeV and 6.6-MeV irradiations were made at t h e  Ethicon Co., Somerville, N.J. ,  
using their  linear accelerator. The irradiations were performed at room temperature (maximum 
temperature rise to 70%) wi th  the  samples mounted  on water-cooled copper blocks. Electron 
fluxes ranged from 1 x 10l6 el/cm2 to 4 x lo1’ el/cm2. The standard sample size was 
0.095 x 0.290 x 0.025 inches. For a thickness of 25 mils only the low-energy irradiations at 
1 MeV and 700 k e V  resulted in  nonuniform energy  absorption i n  the sample. At  higher energies, 
absorption was homogeneous throughout the  sample. 
3. Experimental Results 
Part of the difficulty i n  determining the  introduction rates of the new paramagnetic center 
stems from the saturation of  the resonance lines at  moderate klystron power  levels. This sit- 
uation has been improved, in part, by the  increased sensitivity of the spectrometer resulting 
3 
from t h e  modif icat ions desc r ibed  above ,  S O  t h a t  e v e n  lower  k lys t ron  power  l e v e l s  c a n  b e  used .  
To comple te ly  e l imina te  t h e  s a t u r a t i o n  effect i n  t h e  s p i n  concent ra t ion  de te rmina t ion ,  i t  w a s  
n e c e s s a r y  to measure  a re ference  s a m p l e  of known s p i n s *  s imul t aneous ly  wi th  t h e  i r rad ia ted  
s i l i c o n  s a m p l e  a s  a funct ion of k lys t ron  power  l e v e l .  S i n c e  i t  is known t h a t  t h e  s i l i c o n  con-  
duc t ion  e lec t ron  l ine does not s a t u r a t e ,  compar ison  of t h e  s p e c t r a  of t h e  two  s a m p l e s  lets u s  
know p r e c i s e l y  when t h e  s a t u r a t i o n  effect e n t e r s  i n t o  t h e  measurement .  In  t h i s  way,  w e  w e r e  
a b l e  to c a l c u l a t e  t h e  a b s o l u t e  concent ra t ion  of t h e  d e f e c t  c e n t e r s  and  i n  turn m a k e  s o m e  pre- 
liminary e s t i m a t e s  of t h e  introduct ion r a t e s  at v a r i o u s  bombardment e n e r g i e s .  
Introduction r a t e s  of 0.25 cm-’, 0.22 cm-’, a n d  0.15 c m - l  w e r e  ob ta ined  for t h e  new c e n t e r  
at i r radiat ion e n e r g i e s  of 6.6 MeV, 5.5 MeV, a n d  3.0 MeV, respec t ive ly .  T h e s e  r e s u l t s  a r e  pre- 
liminary s i n c e  at  this t ime only two s a m p l e s  h a v e  been  bombarded at e a c h  of t h e s e  e n e r g i e s  at 
f l u x e s  of 5 x 10l6 e l / cm2  a n d  2 x 1017 e l / cm2 .  I t  is p l anned  to run s a m p l e s  throughout  t h e  range  
of  f luxes  from 1 x 10l6 to 5 x 10’’ e l / cm2  to de termine  t h e  d e p e n d e n c e  of t h e  product ion  r a t e  of 
t h e s e  c e n t e r s  on flux a n d  energy.  
In t h e  c o u r s e  of s t u d y i n g  t h e  e f f e c t  of bombardment e n e r g i e s  on t h e  product ion  of  t h e  new 
c e n t e r  a n  in te res t ing  d e p e n d e n c e  of t h e  “J”-center  w a s  observed .  T h e  J - c e n t e r  is d e t e c t e d  i n  
o u r  exper iments  i n  addi t ion  to t h e  new center .  T h i s  is s h o w n  in F i g .  2 ,  for w h i c h  t h e  s i l i c o n  
s a m p l e  w a s  i r rad ia ted  at 1 MeV at a flux of 2 x l O I 7  e l / cm2 .  A s  t h e  bombardment energy  w a s  
J 
2 
u) 
w 
0 z 
z 
w 
a 
0 
a 
2 
a 
DECREASING H (GAUSS)- 
F i g .  2 .  EPR spec t rum of i r rad ia ted  s i l i c o n .  E = 3 MeV, $, = 4 x F/cm2,  
H I  < l o o > ,  T = 27°K. 
* For th is  purpose, the resonance line due to conduction e lectrons  in s i l i c o n  is used.  T h e  electron concentration 
i s  independently determined. 
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i n c r e a s e d  to 5.5 MeV and  finally to 6.6 MeV, the J - cen te r  r e sonance  d e c r e a s e d  a n d  u l t imate ly  
d i sappea red .  T h i s  h a s  been  obse rved  recent ly  and  b e a r s  further i nves t iga t ion  in  connec t ion  wi th  
the  growth of the  new center .  
Another  i n t e re s t ing  f ea tu re  of the  new cen te r  is tha t  its p r e s e n c e  is d i s c e r n i b l e  only in 
s i l i con  con ta in ing  oxygen (concent ra t ion  - 1018/cm3). In a float z o n e  s i l i c o n  s a m p l e  having  a n  
oxygen c o n t e n t  less than  1016/cm3 a n d  which h a s  been  i r rad ia ted  at 1 MeV at a flux of 5 x l 0 l6  
e l / cm2 ,  only  the  J - cen te r  appea r s .  T h e  dens i ty  of t h e  J - cen te r  is unaf fec t ed  by the  c h a n g e  of 
near ly  two o rde r s  of magnitude in  oxygen concent ra t ion  in  c o n t r a s t  to its effect on t h e  new cen te r .  
T h e  fact tha t  t he  new c e n t e r  a p p e a r s  to b e  re la ted  in s o m e  way to the  p r e s e n c e  of oxygen s h o u l d  
b e  of va lue  in  de te rmining  the  p h y s i c a l  p roper t ies  of the  center .  
< 221 > 
< i i o >  
< 114> 
< i i i>  
< 2 i 1  > 
< 011 > 
6. DISCUSSION 
Unt i l  now, the re  h a v e  been only  two paramagnet ic  c e n t e r s  reported for electron-irrad 
p-type s i l i c o n .  O n e  is the  J - cen te r  and  the  other is a recent ly  repor ted  c e n t e r  s p e c i f i c a l l y  
a t e d  
a s s o c i a t e d  wi th  a l ~ m i n u m . ~  Both h a v e  been  s tud ied  ex tens ive ly  by W a t k i n ~ . ~ #  We h a v e  now 
def in i te ly  e s t a b l i s h e d  tha t  t h e  new c e n t e r  is different from both the  J - cen te r  and  the  aluminum 
cen te r s .  T a b l e  I s h o w s  tha t  t he  new c e n t e r  and the  J - c e n t e r  h a v e  d i f fe ren t  pr inc ipa l  a x e s  and  
g-va lues ;  furthermore, t h e  new c e n t e r  h a s  been s e e n  in both gall ium- and  boron-doped s i l i c o n ,  
t hus  d i s s o c i a t i n g  i t  from the aluminum resonance .  
T A B L E  I 
PRlNCIPAL AXES AND g-VALUES 
FOR THE ] - C E N T E R  AND T H E N E W  C E N T E R  
~~ ~~ 
New Center 
J-Center 
PRINCIPAL g-VALUE 
I 
I t  is worthwhile at t h i s  t i m e  to summarize s o m e  of the  per t inent  measu remen t s  of r e s i s -  
t iv i ty ,  minority-carrier l i fe t ime,  and  photoconductivity cur ren t ly  a v a i l a b l e  on e lec t ron- i r rad ia ted  
p-type s i l i c o n  so t ha t  w e  c a n  briefly d i s c u s s  the  new de fec t  cen ter .  S tud ie s  of the  recombination 
p rope r t i e s  of bombardment-induced defects i n  s i l i c o n  by Wertheim’ disclose the  e x i s t e n c e  of 
th ree  d e f e c t  l e v e l s  wi th in  the  forbidden g a p  lying at (E, - 0.16 eV) ,  (E, - 0.4 eV) ,  and  at 
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(E, + 0.27 eV) .  T h e  l e v e l  at (E, - 0.16 eV)  h a s  been  iden t i f i ed  by Watkins' u s i n g  e l ec t ron  s p i n  
r e sonance ,  as  the A c e n t e r  and  t h e  (E, - 0.4 eV)  l e v e l  wi th  t h e  B, C a n d  E cen te r s .  Hill , '  
measuring ca r r i e r  removal r a t e s  in p-type s i l i c o n ,  f i nds  l e v e l s  located at 0.3 e V  a n d  0.05 e V  
above  the  va l ence  band,  t he  dominant l e v e l  be ing  t h e  o n e  at 0.3 eV. More recent ly ,  Vavi lov8  h a s  
also found, by measur ing  t h e  s p e c t r a l  r e s p o n s e  of photoconduct iv i ty ,  t ha t  e l ec t ron  bombardment 
produces  a l e v e l  at 0.3 eV. H e  f inds ,  i n  addi t ion ,  t ha t  t he  0.3-eV l e v e l  a p p e a r s  on ly  in s i l i c o n  
wh ich  c o n t a i n s  oxygen. 
Our preliminary measu remen t s  of the  in t roduct ion  r a t e s  for t h e  new c e n t e r  a r e  close to t h e  
v a l u e s  ob ta ined  by Hi l l  for the  l e v e l  ly ing  at 0.3 eV. In addi t ion ,  t h e  fact tha t  t he  new c e n t e r  
and  the  l e v e l  at 0.3 e V  a r e  d e t e c t e d  only in  s i l i c o n  con ta in ing  oxygen l e a d s  u s  to s u g g e s t  t ha t  
t he  l eve l  at (E, + 0.3 eV)  is in fact the  l e v e l  to be  a s s o c i a t e d  with the  pa ramagne t i c  c e n t e r  
reported here .  S ince  its symmetry d i rec t ion  < 221 > is from a lattice site to a nex t -nea res t  
neighbor in t e r s t i t i a l ,  i t  is also ten ta t ive ly  s u g g e s t e d  tha t  t h e  c e n t e r  i nvo lves  a s u b s t i t u t i o n a l  
oxygen  atom a s s o c i a t e d  wi th  a n  in t e r s t i t i a l  s i l i c o n  atom. 
Addi t iona l  expe r imen t s  a r e  required to exp lo re  fur ther  t he  connec t ion  be tween  the  0.3-eV 
l eve l  and  t h e  new defect cen te r .  T h e y  inc lude  more comple t e  a n d  d e t a i l e d  in t roduct ion  r a t e  
measu remen t s  and op t i ca l  absorp t ion  measurements .  T h e s e  expe r imen t s  a r e  in  p rogres s  a n d  wi l l  
be  the  ch ie f  b a s i s  of our  fu ture  s t u d i e s .  
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111. EFFECTS OF IMPURITIES ON RADIATION DAMAGE IN SILICON 
A. DIFFUSION LENGTH STUDIES 
1.  Introduction 
Dif fus ion  l eng th  measu remen t s  a r e  being made  to assess t h e  effects of impur i t ies  i n  
s i l i c o n  on its rad ia t ion  behavior.  T h e  measurement  is b a s e d  on t h e  e lec t ron-vol ta ic  effect 
gene ra t ed  by 1-MeV e l e c t r o n s  i n  sur face-bar r ie r  d iodes .  T h e  u s e  of t h i s  effect to ob ta in  t h e  
d i f fus ion  l eng th  h a s  been  covered  i n  the  l i t e r a t ~ r e . ~  T h e  inc iden t  e l ec t rons ,  i n  l o s i n g  energy  
in  the  mater ia l ,  gene ra t e  e lec t ron-hole  p a i r s  at t h e  e x p e n s e  of 3.6 e V  pe r  pair .  If a junc t ion  or 
o ther  space -cha rge  d ipo le  is p resen t ,  some of t h e s e  p a i r s  a r e  s e p a r a t e d ,  r e su l t i ng  in  a shor t -  
c i r cu i t  cu r ren t  I s c .  T h e  ra t io  of I s c  to the  inc ident  e l ec t ron  cur ren t  I, (which we  s h a l l  call t h e  
mul t ip l ica t ion  m) is di rec t ly  proportional to the s u m  of the  d i f fus ion  l e n g t h s  on both sides of 
the  junc t ion  if the  p a i r s  a r e  produced  uniformly throughout t h e  mater ia l .  Genera l ly ,  a n  A1 ab- 
so rbe r  is u s e d  to bring m close to its maximum va lue  where  the  r a t e  of c h a n g e  wi th  abso rbe r  
t h i c k n e s s  is zero.  
The parameter  u s e d  to measu re  the  e f fec t  of impur i t i e s  wi l l  b e  the  diffusion-length-flux 
c o n s t a n t  K ob ta ined  from 
1/L2 = 1 / L t  + K 6 
where  L is t h e  d i f fus ion  length  with i n i t i a l  va lue  Lo. T h e  c o n s t a n t  K is a s s o c i a t e d  with the  
defect i n  ques t ion  through 
where  N r  is t h e  defect in t roduct ion  r a t e ,  (T is the  cap tu re  c r o s s  s e c t i o n ,  f is the  Fe rmi  f i l l ing  
fac tor ,  v is the  minority-carrier’s thermal ve loc i ty ,  and  D is its diffusion cons t an t .  T h e  d i o d e s ,  
made  from s i l i c o n  doped  wi th  d i f fe ren t  impurit ies,  a r e  to b e  i r r ad ia t ed  to va r ious  flux l e v e l s  wi th  
pe r iod ic  measu remen t s  of L. From th i s ,  K can  b e  de te rmined  and  s o  r e l a t ed  to the  pa r t i cu la r  
impurity in  t h e  s i l i con .  
A sur face-bar r ie r  junction wi l l  be  u s e d  ra ther  than  a p-n junction. T h i s  h a s  the  advan tage  
of not  requi r ing  high-temperature p rocess ing .  O the r  a d v a n t a g e s  a r e  the  ease of fabr ica t ion  and  
s impl i c i ty  of the  f ina l  dev ice .  This s tudy  is primarily i n t e r e s t e d  in t h e  effect of impur i t ies  on 
d i f fus ion  length .  Ul t imate ly ,  the  r e s u l t s  w i l l  be  app l i ed  to s o l a r  cells where  p r o c e s s i n g  wi l l  
h a v e  to be t aken  in to  account .  
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2. Experimental Results 
Diodes  a r e  be ing  fabr ica ted  by t h e  s a m e  t echn ique  u s e d  for  surface-barr ier  p a r t i c l e  de-  
tectors. ’’ E l e c t r o l e s s  N i  and  evapora t ed  A1 a r e  u s e d  for t h e  ohmic  a n d  rect i fying c o n t a c t s ,  
r e s p e c t i v e l y ,  to p- type Si. Pre l iminary  radiat ion measu remen t s  o n  s e v e r a l  u n i t s  of t h i s  type 
h a v e  been  made,  a n d  t h e  f e a s i b i l i t y  of t h e  approach  ver i f ied.  
T h e  mult ipl icat ion c u r v e  for a d i f fused  s o l a r  cell h a s  a lso been  measured  as a func t ion  
of A1 absorber  t h i c k n e s s  to e s t a b l i s h  t h e  c o n s t a n t  r e l a t i n g  t h e  mult ipl icat ion,  m, to t h e  d i f fus ion  
length ,  L ,  which wi l l  b e  c a l l e d  t h e  specific ion iza t ion  S ,  i.e., S = m/L. T h i s  measurement  also 
e s t a b l i s h e s  t h e  a b s o r b e r  t h i c k n e s s  for maximum output .  A v a l u e  of 258 p a i r s l p  h a s  b e e n  ob ta ined  
for  a n  a b s o r b e r  t h i c k n e s s  of 14 m i l s  of Al. T h i s  v a l u e  of s p e c i f i c  ion iza t ion  i n c l u d e s  a 3 p e r c e n t  
b a c k s c a t t e r  correct ion,  as wel l  as a 4 percent  Z / A  cor rec t ion  to conver t  t h e  AI t h i c k n e s s  to Si 
t h i c k n e s s .  
B. ELECTRON PARAMAGN ETlC RESONANCE STUD1 ES 
T h e  interact ion be tween impur i t ies  and  paramagnet ic  d e f e c t s  c a n  b e  d i rec t ly  d e t e c t e d  by 
measur ing  changes  in t h e  E P R  spec t rum of t h e  impurity and /o r  t h e  d e f e c t  cen ter .  Accord ingly ,  
to u s e  t h i s  effect a fast-diffusing,  paramagnet ic  impurity ( l i thium) h a s  been  c h o s e n  for exper i -  
men t s  involving t h e  dominant  paramagnet ic  d e f e c t s  produced  by e l e c t r o n  bombardment. T h e s e  
a r e  t h e  C-center  i n  n- type s i l i c o n  a n d  i t s  counterpar t ,  t h e  J - c e n t e r  i n  p- type s i l i c o n .  T h e  
p l anned  exper iments  a r e  to bombard l i thium-diffused s i l i c o n  and  to d i f f u s e  l i thium in to  bom- 
barded  s i l i c o n .  Ult imately,  it  is hoped  to c o r r e l a t e  s o m e  of the  r e s u l t s  of t h e s e  expe r imen t s  
with t h o s e  involving t h e  diffusion length  expe r imen t s  ment ioned  in  t h e  preceding  paragraphs .  
Li thium-doped s i l i c o n  h a s  been  prepared  by d i f fus ing  t h e  l i thium i n t o  t h e  s i l i c o n  at 
3oOoC from a n  oil s u s p e n s i o n .  T h i s  p roduces  n-type s i l i c o n  with a res i s t iv i ty  of from 0.1 to 
0.3 S1-cm. Higher  temperature  d i f fus ions  produce  much lower  r e s i s t i v i t i e s  in t h e  range  0.005 to 
0.05 a-cm.  T h e s e  r e s i s t i v i t i e s  a r e  not  s u i t a b l e  for E P R  work s i n c e  they load  t h e  r-f cav i ty .  
Di f fus ions  much below 30OoC produce  s p o t t y  p,  n ,  a n d  inde termina te  reg ions  in  t h e  s i l i c o n .  
T h e  E P R  spec t rum of l i thium in s i l i c o n  h a s  been  o b s e r v e d  by comparing i t  wi th  hea t - t rea ted  
blanks”.  T h e  spec t rum c o n s i s t s  of one  narrow l i n e ,  abou t  2 gauss  in  half-width,  with a n  
i so t ropic  g-value of  1.9997. “Oxygen-free” s i l i c o n  (i.e.,  oxygen  c o n t e n t  < 10 16/cm3) g i v e s  a 
much s m a l l e r  l i thium resonance  than that  of s i l i c o n  contair l ing abou t  1018/cm3 oxygen a toms.  
r i  
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IV. LOW-ENERGY PROTON BOMBARDMENT 
OF SILICON AND GALLIUM ARSENIDE SOLAR CELLS 
A .  INTRODUCTION 
An experiment  on t h e  R e l a y  I satellite h a s  s h o w n  tha t  uncovered  G a A s  a n d  Si s o l a r  cells 
d e g r a d e  rapidly i n  outer  s p a c e .  In o n e  d a y ,  t h e  short-circui t  current  of t h e  G a A s ,  Si p/n a n d  
Si n / p  cells degraded  by 50, 60 a n d  38%, respect ively.  l 1  T e r r e s t i a l  exper iments  with high- 
energy  p a r t i c l e s ,  as w e l l  as exper iments  on Explorer  XI1 and ANNA 1-B satellites, s u g g e s t e d  
t h a t  t h e  R e l a y  r e s u l t s  were  c a u s e d  by low-energy protons.  1 2 - 1 4  Explorer  XI1 s h o w e d  that  a s u b -  
s t a n t i a l  number of protons with e n e r g i e s  below 3 MeV e x i s t e d  in  outer  s p a c e .  l 2  Fur ther  e v i d e n c e  
w a s  o b t a i n e d  from CdS counters  on t h e  Injun I satellite which d e t e c t e d  a l a r g e  number of pro tons  
and/or  i o n s  with e n e r g i e s  in  t h e  100-keV range.15 Assuming tha t  t h e s e  p a r t i c l e s  are protons 
with a n  a v e r a g e  energy of 100 keV, F r e e m a n  computed a n  in t ens i ty  of 3 x lo8 pro tons /cm2 sec 
s t e r a d  or a n  omnidirect ional  f lux of 3.8 x lo3 p/cm2 sec. 
l a c k  of information on t h e  effects of low-energy pro tons  on s o l a r  cells, two exper iments  w e r e  
performed i n  which  Si a n d  G a A s  cells were  i r radiated with 185-to 545-keV protons.  l 6  T h e s e  
e x p e r i m e n t s  u s e d  t h e  Van d e  Graaf proton generator  at Brown Universi ty .  
In  v iew of the  s p a c e  r e s u l t s  and  t h e  
T a b l e  I1 s h o w s  t h e  range of low-energy protons in  S i  a n d  GaAs.  B e c a u s e  t h e  range is 
s m a l l ,  d e f e c t s  w i l l  b e  introduced close to t h e  su r face .  Therefore ,  t h e  junc t ion  depth  and thick- 
n e s s  of t h e  an t i r e f l ec t ion  c o a t i n g  become important parameters  in  t h e  o b s e r v e d  behavior.  T h e  
T A B L E  I1 
RANGE O F  LOW-ENERGY PROTONS l 7  
RANGE 
PROTON ENERGY 
(keW 
185 
325 
450 
5 30 
1.8 
3.6 
5.6 
6.8 
0.9 
1.9 
2.8 
3.5 
T h e s e  v a l u e s  a r e  for normal incidence.  For  bombardments at 
45O, t h e  e f fec t ive  penetrat ion i s  ob ta ined  by mult iplying t h e s e  
v a l u e s  by 0.707. 
sho r t - c i r cu i t  current  of G a A s  cells, which depends  upon the  c o l l e c t i o n  of ca r r i e r s  genera ted  
within 2 microns  of t h e  s u r f a c e ,  is e x p e c t e d  to b e  extremely s u s c e p t i b l e  to  low-energy protons.  
S i n c e  t h e  s u r f a c e  reg ions  cont r ibu te  only about 20 percent  to the  short-circui t  cur ren t  of Si cells, 
however ,  t h e s e  cells s h o u l d  be  more r e s i s t a n t  to low-energy pro tons ,  at least as  fa r  a s  t h e  
sho r t - c i r cu i t  current  is concerned.  18 
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B. 185-keV TO 545-keV PROTON EXPERIMENT I I  
T h i s  d i s c u s s i o n  of exper imenta l  d e t a i l s  r e f e r s  to a r u n m a d e  in  December ,  1963, (he rea f t e r  
ca l l ed  experiment 11) s i n c e  i t  w a s  more e x t e n s i v e  a n d  comple t e  than  the  o n e  in  Februa ry  1963 
(exper iment  I). However, the  conduc t  of both expe r imen t s  w a s  genera l ly  t h e  same .  
SUNLIGHT Lo fcr  
71, fo (P) 
E F FlClENCY 
T h e  G a A s  and  S i  cells were  c u t  i n to  1 cm x 0.6 c m  p i e c e s  and  so lde red  to ce ramic  discs. 
A GaAs ,  Si p /n  and Si n /p  cell were  mounted s ide-by-s ide  on mos t  of the  discs to e n s u r e  r e l i ab le  
d a t a  on the  re la t ive  performance of t h e s e  cells. T h e  i n i t i a l  p rope r t i e s  of the  cells a r e  listed in 
T a b l e  111, together with the  s t anda rd  devia t ion  0. T h e  cells were  ob ta ined  as fo l lows:  PH-Hel io t ik ;  
T - IRC; R - Hoffman; MT - RCA Mountaintop; MR - RCA Mountaintop, Relay- type ;  G ,  SG, a n d  
SCR-RCA Somerville. ( T h e  SCR cells were  s p e c i a l l y  t r ea t ed  during fabrication.)  T h e  d i f fus ion  
l eng ths  Lo were measu red  as desc r ibed  in  the  l i t e r a t ~ r e . ~  T h e  range  in the  junc t ion  d e p t h s  
i n d i c a t e s  t he  variation obse rved  in the  cells sec t ioned .  T h e  f ina l  column of T a b l e  111 i n d i c a t e s  
t he  exper iment  in which the  cells were  i r rad ia ted .  
T A B L E  I11 
IPilTIAL PROPERTIES O F  CELLS U S E D  FOR 185-545 keV PROTON BOMBARDMENT 
JUNCT  ION^ 
(PI 
DEPTH 
NO. OF 
CELLS 
TYPE I 
Si p/n P H  4 
T 31 
R 2 
GaAs G 
SCR 
~~ 
' Assuming 3.6 eV are require 
10.4 f 0.4 - (0.39 - 0.60) 
10.5 f 1.3 152 f 2 1  (0.22 - 0.38) 
10 f 0.3 - 1.1 - 1.3 
7.6 ? 0.9 2.1 f 0.1* 0.4 1 
8.5 f 0.9 1.5 +_ 0.2* 0.36 
to generate an electron-hole pair. 
EXPERIMENT 
. I  
I1 
I1 
I 
I1 
I 
I1 
I1 
T h e  d i s c s  were  mounted on a water-cooled b lock  at an  a n g l e  of 45" to t h e  proton beam, and  
the  cells were  irradiated in a vacuum of approximately 
cells w a s  measured per iodica l ly  whi le  t he  beam w a s  in t e rcep ted  with a shu t t e r .  T h e  l i gh t  s o u r c e  
u s e d  w a s  an incandescen t  pro jec t ion  lamp f i l t e red  by 2 i n c h e s  of water.  
torr. T h e  pho to -cha rac t e r i s t i c  of t h e  
1. Flux Measurements 
T h e  inc ident  flux w a s  measured  with a c o l l e c t o r  c o n s i s t i n g  of  th ree  c u p s ,  o n e  within t h e  
other.  T h i s  co l lec tor  w a s  u s e d  throughout the  run; t he  45" block  hold ing  t h e  cells w a s  l o c a t e d  
to o n e  side of the c u p  opening .  T h e  u s e  of three  n e s t e d  CUPS for  a collector w a s  required to ob ta in  
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r e l i ab le  r e a d i n g s  of  t h e  s m a l l  beam cur ren t s  u sed  (& lo-'' amps).  In experiment  I, beam-current 
r ead ings  o b t a i n e d  with a s t a n d a r d  F a r a d a y  c u p  cou ld  b e  e i t h e r  p o s i t i v e  or nega t ive .  T h e  n e g a t i v e  
v a l u e s  w e r e  a t t r i bu ted  to a secondary  e l ec t ron  component  g e n e r a t e d  when the  p ro tons  bombarded 
the  c u p  face. 
In t h e  three-cup arrangement ,  t h e  ou te r  cup  w a s  grounded;  t h e  s e c o n d  w a s  b i a s e d  to r epe l  
e l e c t r o n s ;  and  the  innermost  c u p  c o l l e c t e d  the  inc iden t  protons.  T h e  f lux  i n c i d e n t  on t h e  cells 
w a s  given by t h e  c u p  cu r ren t  d iv ided  by the  a r e a  of t h e  l imit ing ape r tu re ,  a s s u m i n g  a uniform 
beam dis t r ibu t ion .  A nearly uniform beam dis t r ibut ion o v e r  t h e  c u p  a n d  cell a r e a s  w a s  e n s u r e d  
by d e f o c u s s i n g  t h e  beam a n d  de f l ec t ing  i t  ver t ica l ly  a n d  horizontal ly  by m e a n s  of incommen- 
s u r a t e ,  pe r iod ic  sawtoo th  s i g n a l s .  S u b s e q u e n t  measurement  s h o w e d  t h a t  t h e  beam d i s t r ibu t ion  
w a s  uniform to within 20% o v e r  the  a r e a  occup ied  by t h e  cells. 
2. Photovoltaic Response 
a. S i  p / n  Ce l ls  - T h e  c h a n g e s  in  t h e  open-circui t  v o l t a g e  Vo, shor t -c i rcu i t  current  Is, a n d  
maximum power ou tpu t  Pm of t h e  IRC(T) a n d  Hoffman (R) cells m e a s u r e d  with t h e  i n c a n d e s c e n t  
l i gh t  s o u r c e  mentioned a b o v e  a r e  shown in  F igs .  3 through 6. T h e  f r ac t iona l  open-circui t  v o l t a g e  
Vo remaining a f t e r  bombardment is shown i n  F ig .  3. T h e  450-keV p ro tons  a r e  more e f f ec t ive  in 
reducing t h e  vo l t age  than 185-keV p ro tons  for the  T cells whi l e  450- a n d  530-keV p ro tons  a r e  
e q u i v a l e n t  i n  deg rad ing  the  vo l t age  of the  R cells. Fur the r ,  t h e  R cells a r e  two  o rde r s  of mag- 
n i tude  more s e n s i t i v e  than t h e  T cells to 450-keV protons.  T h e  pa rame te r  which is be l i eved  to 
exp la in  t h i s  difference i n  s e n s i t i v i t y  is a sha l lower  junct ion dep th  in  t h e  R cells. 
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F i g u r e  5 s h o w s  the f rac t iona l  remaining maximum power  a s  a func t ion  of flux. S imi la r  com- 
men t s  apply  as  above  e x c e p t  t ha t  t h e  r a t io  of degrada t ion  r a t e s  of t h e  R and  T cells for  450-keV 
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Fig. 5. P/Po VS. I$ for Si p / n  cells. 
1 2  
protons  is approximately 70, s ign i fy ing  tha t  the  vo l t age  degrada t ion  m a k e s  a s u b s t a n t i a l  con-  
tr ibution to the  drop i n  power. T h i s  is shown  more c l ea r ly  in  F ig .  6 where  t h e  cur ren t ,  vo l t age ,  
and  power  for cell R-IA a r e  shown. Throughout  the  f lux  range ,  t h e  drop in  v o l t a g e  e q u a l s  or 
e x c e e d s  tha t  i n  current.  T h i s  vo l t age  drop is much more pronounced  than  h a s  e v e r  been  o b s e r v e d  
in higher-energy i r rad ia t ions .  
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Fig .  6. Normal ized  r e sponse  of Si p /n  cell vs .  flux. 
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b.  S i  n / p  C e l l s  - T h e  open-c i rcu i t  vo l tage  vs .  f lux c u r v e s  for t he  Si h / p  cells a r e  s h o w n  
in F i g .  7. In t h i s  energy  range ,  the  degrada t ion  r a t e  i n c r e a s e s  wi th  proton energy .  Accompanying  
the  c h a n g e  in  vo l t age  w a s  a "softening" of the pho tocha rac t e r i s t i c ,  a r e su l t  of inc reas ing  dark  
current a n d  s e r i e s  r e s i s t a n c e  ( s e e  below). 
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T h e  shor t -c i rcu i t  cur ren t  c u r v e s  a r e  shown in  F i g .  8. T h e  s h a p e  of t h e s e  c u r v e s  is s imi l a r  
to tha t  obse rved  with the  p / n  cells above .  O n c e  degrada t ion  commences ,  t he  r a t e  of d e c r e a s e  
wi th  flux is rapid (% 50%/decade).  
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F i g .  8. I/Io vs .  C$ for Si n / p  cells. 
T h e  power  output c u r v e s  in  F ig .  9 show the  s a m e  t rend  a s  the  cur ren t  and  vo l t age  c u r v e s  
do as  fa r  as the  energy dependence  is concerned .  However ,  o n e  cell i r r ad ia t ed  with 450-keV 
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Fig .  9. P/Po vs .  + for Si n /p  cells. 
pro tons  d e v i a t e s  from t h i s  trend. I t s  power output  d e c r e a s e d  less than  in  cells i r rad ia ted  with 
325-keV pro tons  primarily b e c a u s e  of a s m a l l e r  c h a n g e  in vo l t age  dur ing  i r rad ia t ion .  T h e  im- 
por tance  of t h e  vol tage  drop i n  t he  c h a n g e  in power  is shown  in F i g .  10 for a typ ica l  cell, MR 9A.  
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Fig .  10. Normalized r e sponse  of Si n /p  cell vs.  flux. 
Throughout the  flux range,  the drop in vol tage  e x c e e d s  tha t  i n  cur ren t ,  s imi la r  to t h e  behavior  
obtained i n  the  p /n  cells. 
Cons ide rab le  s c a t t e r  is ev iden t  i n  the above f igures .  F a c t o r s  contr ibut ing to th i s  scatter 
are s l i g h t  var ia t ions  in  t h e  junct ion depth and  t h i c k n e s s  of t h e  an t i re f lec t ion  coa t ing ,  and  pos -  
s i b l y  in  t h e  beam dis t r ibu t ion  from one  run to  the next .  
c.  G a A s  Ce l ls  - T h e  c h a n g e  in vol tage  for the SG and  s p e c i a l l y  t rea ted  SCR cells is 
shown in F i g .  11. No energy dependence  is observed for t h e  SG cells while  higher  energy pro- 
t o n s  are more damaging  for the  SCR ce l l s .  T h e  anomalous  d e p e n d e n c e  shown for t h e  SCR cells 
(i.e., 530-keV protons are less damaging than 450-keV protons)  is a s s o c i a t e d  with different  
junct ion d e p t h s  and other  cell propert ies .  The SCR cells were  made  from two c r y s t a l s .  T h e  o n e  
bombarded with 530-keV protons w a s  c u t  from c r y s t a l  lot No. 71. It is s e e n  below that  cells made 
from th i s  l o t  a l s o  showed  d i f fe rences  in  the current  and  power output  at high f luxes.  
T h e  change  in  current  of the s p e c i a l l y  t reated SCR cells is shown in F ig .  12. T h e  damaging  
ab i l i ty  of the  protons i n c r e a s e s  with proton energy ove r  t h i s  range of energ ies .  At any energy ,  
however,  t h e  current  d rops  rapidly with flux (- 35%/ decade ) .  ( T h e  325-and 350-keV d a t a  in  
F ig .  12 apply to cells made from c r y s t a l  lot  No. 71. At f l u x e s  above  10" p /cm2 ,  the  cur ren t  
from t h e s e  cells d e g r a d e s  more s lowly than for the  other  SCR ce l l s . )  Similar comments  apply to 
t h e  d a t a  for the  SG cells. However,  the SCR c e l l s  exhib i t  a la rger  energy dependence  and  dam- 
a g e  s u s c e p t i b i l i t y  than the  S C  c e l l s .  
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Fig. 12. I/Io vs. + for  G a A s  cells. 
Power-output c u r v e s  in t h e  SCR cells a r e  s h o w n  i n  Fig. 13. T h e  drop  i n  power  is d u e  
a lmos t  exc lus ive ly  to t h e  drop in  current .  T h i s  r e s u l t  is c l e a r l y  s h o w n  in  Fig. 14 where  the 
power and  current  for  cell S G 9 2 - l l A  c l o s e l y  follow e a c h  o t h e r  w i t h  very little c h a n g e  in  open-  
c i r cu i t  vol tage.  T h i s  behavior  is very different  from t h a t  obse rved  wi th  t h e  Si cells. 
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Fig .  14. Normalized r e s p o n s e  for G a A s  cell v s .  flux. 
d. C r i t i c a l  F l u x e s  and  Sunl ight  Measurements  - Only measu remen t s  before and  a f t e r  bom- 
bardment were  ob ta ined  i n  sun l igh t  on t h e s e  ce l l s .  Consequen t ly ,  c r i t i c a l  flux v a l u e s  +=, at 
which  the  output  power drops by 25%, a r e  based  on the i n c a n d e s c e n t  l i gh t  measurements .  
T a b l e  IV lists t h e s e  v a l u e s .  T h e  IRC-T cells which had  a lower  e f f i c i ency ,  and  presumably  
a l a rge r  junct ion dep th  than most  of the other  c e l l s ,  a r e  the mos t  r ad ia t ion - re s i s t an t  cells. T h e  
Hoffman R cells which  a r e  comparable  in  eff ic iency and  junct ion dep th  to t h e  Si n /p  cells are 
approximately four t i m e s  more r e s i s t a n t  to damage than the  n / p  cells. (One  Si n / p  c e l l ,  however ,  
17 
was’  as good as the  R cell i r r ad ia t ed  with 450-keV protons.)  Above  185-keV, t h e  Si n/p and  G a A s  
cells h a v e  comparable  +, whi le  the  G a A s  SCR cells h a v e  t h e  l o w e s t  va lues .  
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A compar ison  of t h e  r a t io  of t h e  te rmina l  to initial v a l u e s  of cu r ren t  and  power  w a s  made  for 
t he  i n c a n d e s c e n t  a n d  sun l igh t  measurements .  T h e  G a A s  cells were  deg raded  by roughly the  s a m e  
amount for both l igh t  s o u r c e s  whi le  t he  Si cells were  only s l i gh t ly  improved in  sunl ight .  T h i s  
behavior  of t h e  Si cells is different from tha t  obse rved  in  higher-energy i r r ad ia t ions  where  sun- 
l i gh t  measurements  show a sma l l e r  degrada t ion  than  tha t  i n  i n c a n d e s c e n t  l igh t .  An exp lana t ion  
for t h i s  behavior  c a n  b e  found in  the  s p e c t r a l  r e s p o n s e  measurements .  Low-energy pro tons  sub -  
s t a n t i a l l y  damage  t h e  “b lue”  r e s p o n s e  of the  Si c e l l s ;  consequen t ly ,  t h e  obse rved  degrada t ion  
is no t  as s e n s i t i v e  to t h e  l i gh t  s o u r c e  u s e d  as in  t h e  case where  t h e  “ red”  r e s p o n s e  of the  cell 
is primarily reduced. 
3. Spectral Response 
Spec t r a l  r e sponse  measurements  were  made  on a number of cells, a n d  they  demons t r a t ed  
c l ea r ly  the  effects a r i s ing  from the  s m a l l  proton range. 
T h e  r e s p o n s e  lost in t h e  Si p/n cells is shown  in  F ig .  15. T h e  behavior  of the  Hoffman R 
cell p a r a l l e l s  that  of the  n /p  cells e x c e p t  t ha t  the  loss in r e s p o n s e  for t h e  s a m e  flux is g rea t e r  
than  tha t  for the n /p  cell at t h i s  energy. F o r  the  IRC-T  cells, on the  o the r  hand ,  t he  deg rada t ion  
in  r e s p o n s e  i n  the “blue” region c o n t i n u e s  to e x c e e d  tha t  in the  “ red”  e v e n  at the  h i g h e s t  pro- 
ton energy. T h i s  behavior  is su rp r i s ing  s i n c e  the  r ange  of 545-keV p ro tons  is su f f i c i en t  to dam- 
a g e  r eg ions  up  to 5 microns (45” i r rad ia t ions) ,  we l l  i n t o  the  n-type b a s e .  T h e  lifetime in n-type 
Si is known to degrade more  rapidly than in  p-type. Consequen t ly ,  a g rea t e r  c h a n g e  i n  the  “ red”  
r e s p o n s e  w a s  expec ted .  Some o the r  parameter ,  e.g., t h e  junc t ion  dep th ,  mus t  be  improving the  
r e s i s t a n c e  of t h e s e  cells to low-energy pro tons .  
T h e  r e s p o n s e  loss  in the co l l ec t ion  e f f i c i ency ,  i.e., r e s p o n s e  pe r  pro ton ,  of s e v e r a l  Si 
n /p  cells a s  a function of wavelength  X and  r ec ip roca l  abso rp t ion  c o n s t a n t  a - 1  is shown  in 
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Fig .  15. 
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F ig .  16 a f t e r  bombardment with f luxes  of 3.1 to 4.5 x lo'* p/cm2.  T h e  185-keV pro tons  damage  
primarily the  "blue" r e s p o n s e  ( the  r e s p o n s e  a r i s ing  from su r face  co l l ec t ion )  whi le  545-keV pro- 
t ons  r educe  the  r e sponse  at all wavelengths .  While the  overa l l  r e s p o n s e  drops with inc reas ing  
EXPERIMENT II 
,545 KeV, 4 = 3.1 x IO" p/cm2 
I I 1 I I I 1 I 
0.835 2.15 445 9.5 25 110 
I/aW 
Fig .  16. P e r c e n t a g e  s p e c t r a l  response  lost vs.  h and l /a for S i  n /p  cells. 
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proton energy ,  the r e s p o n s e  to red  l i gh t  d e c r e a s e s  much f a s t e r ,  even tua l ly  s u r p a s s i n g  the  de- 
c r e a s e  in  “b lue”  r e s p o n s e  for proton e n e r g i e s  above  325 keV. T h i s  behavior  is d u e  to the  in- 
c r e a s i n g  proton range. 
T h e  r e sponse  l o s t  i n  t he  G a A s  SG and  SCR cells is shown  in  F ig .  17. Bombardment in  
t h i s  case resu l ted  in  an apprec i ab le  ove ra l l  d rop  in  r e sponse .  T h e  drop  w a s  t h e  g r e a t e s t  in the  
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F i g .  17. P e r c e n t a g e  s p e c t r a l  r e s p o n s e  l o s t  v s .  X and l / a  for G a A s  cells. 
b lue”  region, tapering off toward the  “red”.  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  with t h e  fact tha t  t he  e t  
shor t -c i rcu i t  current of G a A s  cells is due  t o  s u r f a c e  co l l ec t ion  of the  photogenera ted  ca r r i e r s .  
Short-range pa r t i c l e s  damage  t h e s e  s u r f a c e  reg ions  reducing  t h e  c o l l e c t i o n  e f f i c i ency  d ras t i ca l ly .  
T h e  reduction in co l l ec t ion  e f f ic iency  t a p e r s  off toward the  “red” region where  the  pho toca r r i e r s  
a r e  c r e a t e d  c lose r  to the  junc t ion  and ,  h e n c e ,  more e f f i c i en t ly  c o l l e c t e d .  
4. Diffusion Lengths 
T h e  s u m  of the  diffusion l e n g t h s  L on both sides of the  junc t ion  w a s  measured  in s e v e r a l  
c e l l s  before and after bombardment. l 9  E a c h  cell w a s  g iven  only o n e  d o s e  of rad ia t ion .  R e s u l t s  
a r e  shown in Fig.  18 where the  f rac t iona l  d i f fus ion  l eng th  remaining in the  S i  p /n  and  n /p  cells 
is p lo t ted  aga ins t  flux. T h e  s c a t t e r  i s  q u i t e  la rge .  However ,  i t  is e v i d e n t  t ha t  185-keV p ro tons  
produce  only  a sma l l  degrada t ion  (- 10%) which d o e s  not c h a n g e  up to f luxes  of 10l3 p /cm2 .  
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T h e  degrada t ion  c a u s e d  by 545-keV protons on  t h e  o t h e r  h a n d  i n c r e a s e s  with flux. At a g iven  f lux,  
t h e  degrada t ion  is l a rge r  i n  the  n /p  cells than in t h e  p/n T cells i n  accord  with t h e  s p e c t r a l  re- 
s p o n s e  measurements .  
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Both  t h e  s p e c t r a l  r e s p o n s e  a n d  diffusion length  measurements  s h o w  t h a t  t h e  b a s e  d i f fus ion  
l e n g t h  is not  reduced  to a s m a l l  va lue  e v e n  af ter  a n  a p p r e c i a b l e  i r radiat ion.  Consequent ly ,  t h e  
sho r t - c i r cu i t  current  of Si cells would be  expec ted  to b e  r e s i s t a n t  to low-energy pro tons  as w a s  
found to b e  the  case. 
T h e  diffusion l e n g t h s  in  s e v e r a l  G a A s  cells were  also measured ,  by t h e  e lec t ron-vol ta ic  
effect, a s s u m i n g  t h a t  3.6 e V  is required to produce a n  electron-hole  pair .  T h e  f r ac t iona l  diffu- 
s i o n  length  remaining is compared i n  T a b l e  V with t h e  remaining shor t - c i r cu i t  current .  T h e  drop 
i n  cur ren t  is much grea te r  than tha t  in  L. Since  the  measured  d i f fus ion  length  is t h e  s u m  of t h e  
s k i n  a n d  base diffusion l e n g t h s ,  t he  a b o v e  d a t a  a r e  i n  accord  with t h e  fact that  G a A s  cells 
depend on reg ions  close to t h e  s u r f a c e  for most of the i r  response .  T h e  d i f fe rence  in L before 
a n d  a f t e r  bombardment p u t s  a n  upper  l imit  of about 1 micron for t he  region from which photo- 
g e n e r a t e d  ca r r i e r s  a r e  c o l l e c t e d  in  GaAs.  
T A B L E  V 
FRACTIONAL DIFFUSION LENGTH AND SHORT-CIRCUIT CURRENT IN GUAS 
SG 
FLUX PROTON ENERGY 
(kev)  Lf/Lo Lo-Lf lf/lo 
(7670) (p) (%I 
4.5 x 1010 - - - 
6.8 x lo1' 86 0.3 69 
3 . 6 ~  10l2 60 0.9 14 
4.6 x lo1* 70 0.61 16 
185 
325 
SC R 
(Specially Treoted) 
Lf/Lo Lo.Lf l'/lo 
(%I (p) (%Io) 
85 0.24 51 
- - - 
43 0.97 8.2 
- - - 
5. Comparison with Proton Experiment I 
Si p/n T and PH Si  n/p GaAs G and SG ENERGY 
(keV) 
t 
Similar behavior  w a s  observed  i n  the degrada t ion  of Si and  G a A s  cells in  Experiments I and 
11. In both experiments ,  t he  drop in  vol tage  w a s  a s u b s t a n t i a l  f ac to r  in  t h e  degrada t ion  in  t h e  Si 
cells whi le  t h e  drop in  current  predominated in  the  G a A s  cells. Although t h e  c u r v e  s h a p e s  w e r e  
s i m i l a r  i n  both exper iments ,  t h e  f l u x e s  at which a g i v e n  degrada t ion  occurred  were genera l ly  
l a rge r  i n  Experiment  I than i n  Experiment  11. T h e  f ac to r  by which  t h e  flux i n  Experiment  I mus t  
be reduced to agree  with tha t  in  Exper iment  I1 on the  b a s i s  of the  cur ren t  degradat ion is s h o w n  
in T a b l e  VI. T h e  f ac to r  b a s e d  on current  is u s e d  s i n c e  t h e  v o l t a g e  (and  power) d e p e n d  upon t h e  
T A B L E  VI 
FLUX FACTOR BETWEEN EXPERIMENTS I AND I I  
BASED ON INCANDESCENT LIGHT MEASUREMENTS OF CURRENT 
1 a5 
545 
0.3 3 2 
0.3 10 3 
junct ion propert ies  of the  Si cells. T a b l e  VI i n d i c a t e s  at m o s t  a n  order  of magnitude d i f f e r e n c e  
in  t h e  flux v a l u e s  required for  a g iven  c h a n g e  in  current .  S i n c e  t h e  Si n / p  cells required more 
flux for a given change  in  Experiment  I1 than in  Exper iment  I ( t h e  r e v e r s e  is true fo r  t h e  Si n / p  
a n d  G a A s  c e l l s ) ,  s o m e  par t  of t h e  d i f fe rence  must  be  d u e  to t h e  d i f fe rence  in  junc t ion  depth  of 
t h e  cells run in  Exper iments  I and  I1 (see T a b l e  111). T h e  cells wi th  s h a l l o w e r  junc t ions  requi re  
less flux for a given drop in  current.  
T h e  dark I-V c h a r a c t e r i s t i c s  of s e v e r a l  cells w e r e  m e a s u r e d  a f t e r  bombardment in Exper i -  
ment  I to s h e d  l ight on the rapid drop in vol tage  in  the  Si cells. Pieces of t h e  parent  cell which  
were  not bombarded were u s e d  for comparison.  T y p i c a l  d a t a  a r e  s h o w n  in F ig .  19 for a Si n / p  
cell and  in  F ig .  20 for a G a A s  c e l l  i r r ad ia t ed  with 545-keV protons.  T h e r e  is a s u b s t a n t i a l  
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i n c r e a s e  in the  forward cur ren t  at a g iven  vo l t age  for t he  Si cell; a much s m a l l e r  c h a n g e  is ob- 
s e r v e d  in  the  GaAs  cell. T h e  i n c r e a s e  in  forward cur ren t  n e c e s s a r i l y  requi red  t h e  open-c i rcu i t  
vo l t age  to dec rease .  Fur thermore ,  t h e  s e r i e s  r e s i s t a n c e  in  the  Si cell h a s  also i n c r e a s e d  a f t e r  
bombardment, due  probably to the  in t roduct ion  of ca r r i e r  removal  sites i n  t h e  b a s e  region adja- 
c e n t  to the  junction. T h e  added  r e s i s t a n c e  r e d u c e s  t h e  rec tangular i ty  of the  pho to -cha rac t e r i s t i c ,  
l ead ing  to a further drop in  power  output.  
C. DISCUSSION OF RESULTS 
A s  expec ted ,  the  junc t ion  dep th  is a n  important parameter  i n  low-energy proton i r rad ia t ion .  
T h e  s c a t t e r  observed  in  the  data is par t ia l ly  d u e  to t h i s  fac tor .  Fur thermore ,  d i f f e rences  in  
junc t ion  depth  compl ica ted  the  compar ison  of resu lcs  from Exper imen t s  I a n d  11. S ince  only  a 
few junc t ions  have  been  measu red  at t h i s  time, a quan t i t a t ive  t rea tment  of t h e  data c a n n o t  b e  
p re sen ted .  However,  qua l i t a t ive  agreement  with the  idea tha t  t h e  d e e p e r  junc t ions  a r e  more 
damage-res i s tan t  h a s  been  found. 
T h e  range of low-energy pro tons  i n  G a A s  and  Si is ext remely  shor t .  Therefore ,  on ly  the  
f i r s t  few microns of mater ia l  a r e  damaged.  Su r face  co l l ec t ion  of photogenera ted  c a r r i e r s  a n d  t h e  
junc t ion  cha rac t e r i s t i c  shou ld  b e  the  m o s t  s e r ious ly  a f f e c t e d  cell proper t ies .  T h i s  w a s  demon- 
s t r a t ed ;  GaAs  cells su f fe red  a l a r g e  drop  in cur ren t  s i n c e  they abso rb  l igh t  and  collect c a r r i e r s  
from nea r  the  su r face  wh i l e  t he  Si cells showed  a p p r e c i a b l e  c h a n g e s  in  the  junc t ion  c h a r a c t e r i s -  
tic and  h e n c e  open-circuit  vo l tage .  T h e  photocurrent of Si cells degraded  more s lowly  than  in 
G a A s  s i n c e  only approximately 20% of t h i s  cur ren t  is d u e  to c o l l e c t i o n  from the  sha l low-d i f fused  
sk in .  
I t  w a s  shown tha t  ca r r i e r  co l l ec t ion  from the  b a s e  reg ion  in Si cells is s u b s t a n t i a l  a f t e r  
i r rad ia t ion ,  even in  the case of 545-keV pro tons  wi th  a r ange  of 5 p (45Oirradiacion). T h i s  effect 
is p o s s i b l e  s i n c e  the  damaged region in the  b a s e  is thin and  pho togene ra t ed  ca r r i e r s  from d e e p  
in  the b a s e  can  p a s s  through t h i s  l a y e r  to the  junc t ion  g iv ing  r i s e  to an  e f f ec t ive  d i f fus ion  l eng th  
la rger  than that i n  the  damaged region. T h e  behavior  to b e  e x p e c t e d  c a n  b e  ob ta ined  from a so lu -  
t ion  of the continuity equa t ion  for  a b a s e  region c o n s i s t i n g  of two d i s t i n c t  pa r t s ,  o n e  wi th  a 
d i f fus ion  length L ,  nex t  to the  junc t ion  and  the  o the r  with the  in i t i a l  d i f fus ion  l eng th  L,. T h e  
ex ten t  of the  region wi th  a d i f fus ion  l eng th  L ,  is X ,  where  X ,  is t h e  proton range  co r rec t ed  for 
45" i r rad ia ted  minus the  sum of the  junc t ion  dep th  8 and  the  t h i c k n e s s  of t h e  an t i r e f l ec t ion  
coa t ing .  T h e  continuity equat ion ,  exc lud ing  f i e lds  d u e  to the  l i f e t ime  g rad ien t ,20  is 
where  A is the  genera t ion  r a t e  of c a r r i e r s  in # / cm3-sec  a n d  t h e  o the r  s y m b o l s  h a v e  the i r  c u s -  
tomary meaning. Equa t ion  (3) is s o l v e d  for both r eg ions  in  t h e  b a s e  wi th  the  following boundary 
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r e s t r i c t ions .  T h e  ca r r i e r  dens i ty  n a n d  its gradient  a r e  con t inuous  a c r o s s  the  boundary s e p a r a t i n g  
the  two r eg ions  in t h e  base .  T h e  gradient  in carr ier  d e n s i t y  is z e r o  for p o i n t s  d e e p  i n t o  the  b a s e  
region. T h e  e x c e s s  dens i ty  is z e r o  at the junction. 
From t h i s  so lu t ion ,  t h e  measured  diffusion l eng th  L* c a n  b e  r e l a t ed  to  L,, L, a n d  X I  as 
fol lows:  
( 4 )  
T h i s  so lu t ion  h a s  the proper behavior  when L ,  = L,; L ,  = 0; X ,  is f ini te ;  and  X ,  + 00. 
T h e  computed  behavior  is p lo t t ed  in Fig.  2 1  where L* is shown  vs.  t he  reciprocal  v a l u e  of L,. 
- I I 1 1 1 1 1 1  1 1 I 1 1 1 1 1  I ’ L= o 3 p ,  COATING THicKwzss’=o i p p o K e v  PROTONS 1 1 I 1  I l l ‘  
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I ccm‘ ) 
L l  
F i g .  21. L* v s .  -. 1
T h e  va lue  u s e d  for L, w a s  100 microns.  F igu re  2 1  s h o w s  tha t  as t h e  proton energy,  a n d  h e n c e  
X ,, i n c r e a s e s ,  t he  o n s e t  of a c h a n g e  in  L *  occur s  at l a rge r  v a l u e s  of L 
v a l u e s  of flux. T h i s  behavior  is in qua l i t a t ive  agreement  with the  experimental  r e s u l t s  a n d  h a s  
two ramif icat ions.  F i r s t ,  at l a r g e  f luxes,  t he  current in Si cells is dominated  by the  low diffusion 
l e n g t h s  n e a r  t h e  su r face .  T h e  current  degradat ion s h o u l d  then become s imi l a r  to tha t  o b s e r v e d  in  
G a A s  cells. A rapid drop-off of the current  with flux is obse rved  in  the  Si c e l l s .  Secondly,  t h i s  
model  p r e d i c t s  t he  energy dependence  of the data .  T h e  degradat ion in cell per formance  i n c r e a s e d  
with proton energy. Arguments b a s e d  on the introduction r a t e  of lattice d i s p l a c e m e n t s  would in- 
d i c a t e  t h e  o p p o s i t e  trend s i n c e  the Rutherford s c a t t e r i n g  c r o s s  s e c t i o n  v a r i e s  with t h e  r ec ip roca l  
p a r t i c l e  energy.  In low-energy bombardments, however,  the overr iding f ac to r  is t h e  range. 
and  h e n c e  s m a l l e r  
T h e  following argument c a n  b e  made t o  compare the  theoret ical  and  experimental  r e su l t s .  
T h e  pho tovo l t a i c  current  is s o m e  function of L*, or from F ig .  21, L,. At high f luxes ,  L ,  is 
e x p e c t e d  to vary with flux as follows: 
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( 5 )  2 1  L l  = -  
E ( k e W  
185 
325 
450 
545 
S i n c e  t h e  damage  c o n s t a n t  K is e x p e c t e d  to vary d i r ec t ly  with t h e  la t t ice-d isp lacement  intro- 
duc t ion  r a t e  UV, t he  f lux for a g iven  L ,  wi l l  vary as 
4 c l 8 5 /  4 c E  
(L 1 )2E /(L 1 185 (m) E /(") 185 ( L 1 2  V)E/(L12")185 ( S i  n/p c e l l s  
experimental) 
1 1 1 1 
4.9 0.61 3 4.1 
15.2 0.46 7 15 
25 0.39 9.8 15 
1 4 %  - 
L120w 
With 185-keV protons as a re ference ,  t he  flux of pro tons  with energy E required for a g i v e n  de-  
gradat ion in  current ,  i.e., a given va lue  of L * ,  w i l l  b e  g iven  by 
( 7) 
( L 1 2 u v )  E -- 4185  - , L* = c o n s t a n t .  
4 E  (L12 aV)185 
T a b l e  VI1 lists t h e  computed flux r a t i o s  for a n  L *  of 50 microns as wel l  a s  t h e  exper imenta l ly  
de te rmined  c r i t i ca l  f lux rat ios .  Although t h e  quant i ta t ive  agreement  be tween t h e  last two columns  
of T a b l e  VI1 is not  perfect ,  d u e  in  n o  s m a l l  measure  to the  fact tha t  t he  c u r r e n t s  were  measured  
with whi te  l ight ,  the  t rend is correct ly  pred ic ted .  Consequent ly ,  a damage  r a t e  which i n c r e a s e s  
with proton energy c a n  be  a s c r i b e d  to the  i n c r e a s i n g  proton range.  
T A B L E  VI1 
C O M P U T E D  A N D  E X P E R I M E N T A L  D E G R A D A T I O N  R A T E S  
Although t h e  a b o v e  argument  cons idered  Si cells on ly ,  s i m i l a r  r e s u l t s  a r e  e x p e c t e d  to apply 
to GaAs.  T h e  range of protons in  G a A s  is roughly half  t ha t  in  Si, but  t h e  s u r f a c e  reg ions  a r e  t h e  
only a c t i v e  o n e s  i n  GaAs.  Only when t h e  proton range  e x c e e d s  t h e  t h i c k n e s s  of t h e  region in  
G a A s  (- 1 p )  from which c a r r i e r s  a r e  c o l l e c t e d ,  a n d  t h e  introduct ion r a t e  of lattice d i s p l a c e m e n t s  
(* t w i c e  as large as i n  Si) d rops  further (E > 530 keV) ,  w i l l  t he  super ior i ty  of t h e  GaAs- type  cell 
become evident .  
T h e  r e l a t ive  superior i ty  of Si n / p  and  p/n cells is t h e  f i n a l  i tem to c o n s i d e r .  It h a s  been  
amply demonstrated t h a t  p-type Si is more r a d i a t i o n - r e s i s t a n t  than n- type for h igher  energy pro- 
tons.  If  w e  make the  ( reasonable)  assumpt ion  tha t  t h i s  is t rue  also for lower  proton e n e r g i e s ,  
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then for short-range p a r t i c l e s ,  where most of the  damage  would t a k e  p l a c e  in  t h e  s h a l l o w  d i f f u s e d  
region,  p/n cells would be e x p e c t e d  to  be superior  to  n / p  cells. Our  experimental  f ind ings  a r e  
c o n s i s t e n t  with th i s .  F o r  t h e  lower energy radiat ion,  p / n  cells were  inde,ed found to be more 
damage-resis tent .  At h ighe r  proton energ ies ,  i nc reased  penet ra t ion  in to  the  b a s e  region r e s u l t e d  
in  n/p cells becoming more radiat ion-resis tant .  
D. CONCLUSIONS 
Both G a A s  and  Si cells de ter iora te  rapidly as a r e s u l t  of low-energy protons.  T h e  major 
c h a n g e s  which occur  a r e  in  t h e  junct ion c h a r a c t e r i s t i c  and  open-c i rcu i t  vo l tage  in  Si cells, and 
t h e  short-circui t  current  in  G a A s  cells. 
In genera l ,  t h e  behavior  of the  cells is different from t h a t  obse rved  in higher  energy irra- 
d ia t ions .  F o r  example,  the  damage  ra te  i nc reased  with proton energy i n s t e a d  of d e c r e a s i n g  as i t  
d o e s  with higher-energy protons.  T h e  difference in  behavior  is a t t r ibu ted  to the  s h o r t  r ange  of 
low-energy protons which  e m p h a s i z e s  t h e  regions c l o s e  to t h e  s u r f a c e  of the  cell. 
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PROGRAM FOR NEXT REPORTING INTERVAL 
For t h e  E P R  work on the  new center ,  t h e  f i r s t  i t em wi l l  b e  t h e  firm e s t a b l i s h m e n t  of t h e  
d e f e c t  introduct ion r a t e s  at e n e r g i e s  from 1 to 6.6 MeV. T h e s e  wi l l  requi re  s o m e  a d d i t i o n a l  irra: 
d i a t ions .  Opt ica l  absorp t ion  measurements  wi l l  then  b e  made  to co r re l a t e  with t h e  E P R  work. 
Through t h i s  program i t  is hoped  to fur ther  ident i fy  t h e  new d e f e c t  c e n t e r  a n d  to c l ea r ly  e s t a b l i s h  
t h e  l e v e l  i n  the  bandgap to b e  a s s o c i a t e d  with i t .  
T h e  effect of impur i t ies  on the  radiat ion-damage p r o p e r t i e s  of s i l i c o n  wi l l  b e  s t u d i e d  u s i n g  
t h e  diffusion length and  EPR measurements  as d e s c r i b e d  i n  Sec t ion  111. Now tha t  proper  measure-  
ment a n d  fabricat ion t e c h n i q u e s  h a v e  been  worked o u t  for t he  d i f fus ion  length  s t u d i e s ,  c r o s s -  
compar isons  of surface-barr ier  a n d  d i f fused  cells made from the  s a m e  mater ia l  wi l l  be performed 
as a f ina l  check  to a s s u r e  the  va l id i ty  of th i s  approach .  I r rad ia t ions  at 1 MeV wi l l  b e  u s e d  to 
damage  the  mater ia l  s i n c e  comple te  facilities for t h i s  a r e  p r e s e n t  at t h e s e  labora tor ies .  For t h e  
E P R  work, e lec t ron  i r rad ia t ions  at 6.6 MeV h a v e  been  c h o s e n  to produce  the  d e f e c t s  to b e  s t u d i e d  
in  su f f i c i en t  quant i t ies .  I t  is planned  to  s t u d y  spec i f i ca l ly  the  effects of different  m e t a l l i c  im- 
pur i t ies .  
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